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The scalloped and vestigial genes are both required for the formation of the Drosophila wing, and recent studies have
indicated that they can function as a heterodimeric complex to regulate the expression of downstream target genes. We have
analyzed the consequences of complete loss of scalloped function, ectopic expression of scalloped, and ectopic expression
of vestigial on the development of the Drosophila wing imaginal disc. Clones of cells mutant for a strong allele of scalloped
fail to proliferate within the wing pouch, but grow normally in the wing hinge and notum. Cells overexpressing scalloped
fail to proliferate in both notal and wing-blade regions of the disc, and this overexpression induces apoptotic cell death.
Clones of cells overexpressing vestigial grow smaller or larger than control clones, depending upon their distance from the
dorsal–ventral compartment boundary. These studies highlight the importance of correct scalloped and vestigial expression
levels to normal wing development. Our studies of vestigial-overexpressing clones also reveal two further aspects of wing
development. First, in the hinge region vestigial exerts both a local inhibition and a long-range induction of wingless
expression. These and other observations imply that vestigial-expressing cells in the wing blade organize the development
of surrounding wing-hinge cells. Second, clones of cells overexpressing vestigial exhibit altered cell affinities. Our analysis
of these clones, together with studies of scalloped mutant clones, implies that scalloped- and vestigial-dependent cell
adhesion contributes to separation of the wing blade from the wing hinge and to a gradient of cell affinities along the
dorsal–ventral axis of the wing. © 2000 Academic Press
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Cuticular structures of the head, thorax, and genitalia in
Drosophila develop from clusters of undifferentiated cells
termed imaginal discs (Cohen, 1993). The wing imaginal
disc gives rise to the adult wing blade, as well as to body
wall cuticle of the dorsal thorax (notum) and ventral thorax
(pleura) and to the wing hinge, which attaches the wing
blade to the body wall (Figs. 1A and 1B). In the imaginal
disc, the wing-blade primordium is often referred to as the
wing pouch, as it is separated from the rest of the disc by a
fold in the disc epithelium. The growth and patterning of
imaginal discs is governed by a series of regulatory interac-
tions that have been the subject of intensive study over the
past several years. Nonetheless, much remains to be
learned about how the processes of disc patterning, disc1 These authors made similar contributions to this work.
0012-1606/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.rowth, and disc morphogenesis are coordinated. In this
ork, we illustrate key roles that the products of the
estigial (vg) and scalloped (sd) genes play in these events
uring the development of the Drosophila wing.
Growth and patterning of the wing disc are dependent
pon the specification of specialized cells along the borders
etween anterior–posterior (A-P) and dorsal–ventral (D-V)
ompartments (Fig. 1A) (reviewed in Brook et al., 1996;
Irvine and Vogt, 1997; Lawrence and Struhl, 1996). Signal-
ing from posterior to anterior cells, mediated by Hedgehog,
induces expression of Decapentaplegic (DPP) in A-P border
cells (Basler and Struhl, 1994). Signaling between dorsal and
ventral cells involves the Notch ligands Serrate and Delta,
as well as the Notch modulator Fringe (reviewed in Irvine
and Vogt, 1997; Panin and Irvine, 1998). Together, these
proteins establish Notch activation in cells along the D-V
border. D-V border cells in the wing blade express Wingless
(WG), which exerts long-range influences on gene expres-
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Copyright © 2000 by Academic Press. All rightsion in surrounding wing cells, apparently forming a mor-
phogen gradient (Neumann and Cohen, 1997; Zecca et al.,
1996).
The sd gene is expressed within the developing wing
blade in a gradient, with the peak of expression at the D-V
boundary (Figs. 1E and 1F) (Campbell et al., 1992; Williams
et al., 1993). sd encodes a DNA-binding protein (SD) that is
a member of the TEA/ATTS family of transcription factors
(Campbell et al., 1992). Null mutations in sd are lethal, but
hypomorphic mutations exist that delete most of the wing
blade (Fig. 1C) (Campbell et al., 1991; James and Bryant,
1981; Simpson et al., 1981; Williams et al., 1993). The vg
gene encodes a nuclear protein (VG) whose expression
pattern parallels that of sd (Williams et al., 1991, 1993) (Fig.
1G). Null mutations in vg are viable and result in loss of the
entire wing blade and most of the wing hinge (Fig. 1D)
(Williams et al., 1991, 1993). The graded expression of vg in
the wing reflects its regulation by compartment boundary
signals, and discrete enhancers that respond to these signals
have been identified. Expression of vg along the D-V border
is regulated by a boundary enhancer that responds directly
to Notch signaling (Kim et al., 1996; Williams et al., 1994),
while expression of vg in the rest of the wing blade is
regulated by a quadrant enhancer that responds directly to
DPP signaling (Kim et al., 1997). vg expression is also
influenced by WG (Blair, 1994; Klein and Martinez Arias,
1999; Neumann and Cohen, 1997; Zecca et al., 1996),
although it remains to be determined whether WG regula-
tion is direct.
Recent studies have established that the SD and VG
proteins can bind to each other, forming a heterodimeric
complex that we refer to as SD:VG, and that they function
coordinately to regulate wing cell type, wing growth, and
wing-specific gene expression (Halder et al., 1998; Paumard-
Rigal et al., 1998; Simmonds et al., 1998). Among the key
wing-specific targets of SD:VG are the vg and sd genes
themselves (Deshpande et al., 1997; Halder et al., 1998;
Klein and Martinez Arias, 1999; Paumard-Rigal et al., 1998;
Simmonds et al., 1998; Varadarajan and VijayRaghavan,
1999; Williams and Carroll, 1993). The consequences of
overexpression of SD and VG differ (Kim et al., 1996;
Simmonds et al., 1998; Varadarajan and VijayRaghavan,
999), and these differences imply that the balance between
G and SD levels is crucial for normal wing development
intersection of the A-P and D-V compartment boundaries corre-
sponds to the distal tip of the wing. (B–D) Adult wings. (B) wg-lacZ
enhancer trap (otherwise wild type), arrowheads mark the rem-
nants of the distal ring of wg hinge expression. (C) sd58 mutant. (D)
vg83b27R mutant. (E) sd mRNA expression in a third-instar wing
imaginal disc. (F) Relationship between sd-lacZ (blue) and WG (red)
expression in wing imaginal disc. (G) Relationship between VG
(green) and WG (red) expression in the wing imaginal disc. Arrow-
head in F and G points to the distal ring of WG expression in theFIG. 1. Organization of the wing imaginal disc. (A) Schematic of
the wing imaginal disc, with dorsal cells in blue, ventral cells in
white, dorsal–ventral boundary cells in red, anterior–posteriorhinge.
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289Multiple Roles of sd and vg(Halder et al., 1998; Simmonds et al., 1998; Vaudin et al.,
1999). The results we present here further strengthen that
conclusion, and our studies also provide further support for
the hypothesis that all functions of vg during wing devel-
FIG. 2. sd is required for clone growth in the wing blade. All ima
staining is p-Myc, which marks the wild-type chromosome; red sta
lones, more brightly stained patches (gray arrows) are their homoz
ndicate individual channels of staining for the same disc. (A) sd47M
clones that overlap WG expression in the hinge are marked by astopment are in fact effected by SD:VG.
Copyright © 2000 by Academic Press. All rightDespite the distinct morphologies of the leg (tube-like)
nd wing (sheet-like), these appendages share key features
f their proximal–distal organization. homothorax (hth)
and teashirt (tsh) are expressed in proximal regions of both
how sd mutant clones in third-instar wing imaginal discs. Green
is WG. Unstained patches (white arrows) are homozygous mutant
s wild-type twins. Prime symbols (9) in this and subsequent figures
ant clones, 4 days after clone induction. Two examples of mutant
s. (B, C) sd58 mutant clones, 4 days after clone induction.ges s
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ygou
mutappendages, and Distal-less (Dll) is expressed in distal
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290 Liu, Grammont, and Irvineregions (Abu-Shaar and Mann, 1998; Casares and Mann,
2000; Diaz-Benjumea et al., 1994; Erkner et al., 1999;
Gonzalez-Crespo and Morata, 1996; Pai et al., 1998; Wu and
Cohen, 1999). hth and tsh play critical roles in proximal
development in both legs and wings (Abu-Shaar and Mann,
1998; Azpiazu and Morata, 2000; Casares and Mann, 2000;
Erkner et al., 1999; Pai et al., 1998; Wu and Cohen, 1999,
2000), but Dll has only a minor role in wing development
(Campbell and Tomlinson, 1998; Gorfinkiel et al., 1997), in
contrast to its central role in leg development (Cohen et al.,
1989). Instead, development of the distal portion of the
wing appendage, the wing blade, is dependent upon vg and
sd. Recent studies have revealed mutually repressive activi-
ties between distal and proximal genes in both legs and
wings, which presumably function to maintain distinct
proximal and distal domains of gene expression (Abu-Shaar
and Mann, 1998; Azpiazu and Morata, 2000; Casares and
Mann, 2000; Wu and Cohen, 1999). Although most studies
of imaginal patterning have focused on signals from the
compartment boundaries, proximal leg cells send an as-yet
unidentified signal that influences gene expression in distal
leg cells (Goto and Hayashi, 1999). The results we present
here suggest that signaling from distal (wing blade) to
proximal (wing hinge) cells occurs in the wing and is
essential for normal wing-hinge development.
Both surgical and genetic manipulations have provided
evidence for the existence of a gradient of cell affinity in the
insect wing (Nardi and Kafatos, 1976a,b; Ripoll et al., 1988),
and cell affinity gradients have also been detected in insect
abdomens (see Lawrence et al., 1999, and references
therein). Affinity is a cellular property that influences cell
contacts: cells of like affinity tend to maximize their
contacts, cells of disparate affinity tend to minimize their
contacts. Differences in affinity are thought to derive from
differences in the expression of cell adhesion molecules,
and it has been demonstrated that changes in cadherin
expression can alter cell affinity (Dahmann and Basler,
2000; Steinberg and Takeichi, 1994). By analyzing the
behavior of cells transplanted and juxtaposed from different
locations along the proximal–distal axis of the Manduca
wing, and taking into consideration the theoretical and
experimental work of Steinberg on differential adhesiveness
(Steinberg, 1962), Nardi and Kafatos inferred that a gradient
of cellular adhesiveness exists along the distal–proximal
wing axis (Nardi and Kafatos, 1976a,b). Ripoll et al. identi-
fied a gradient of cell affinity along the dorsal–ventral axis
of the Drosophila wing by analyzing clones of cells mutant
for shaggy (sgg; also known as zw3 and glycogen synthase
kinase 3b) (Ripoll et al., 1988). sgg mutant clones are both
more rounded and displaced toward the D-V boundary
compared to their wild-type twins. Since the proximal–
distal and dorsal–ventral axes run parallel in the center of
the wing (i.e., near the A-P compartment boundary; Fig.
1A), and Nardi and Kafatos’s tissue grafts were centered in
this region, the affinity gradients identified by these dis-
tinct approaches could be the same. Since the WG signaling
pathway is constitutively activated by sgg mutation (Peifer
Copyright © 2000 by Academic Press. All rightet al., 1994; Siegfried et al., 1994), this affinity gradient may
be regulated downstream of the WG morphogen gradient. In
this work, we show that VG overexpression exerts an
influence on cell affinity that varies along the D-V axis, and
based on our observations we suggest that a proximal-distal
gradient of cell affinities is regulated downstream of SD:VG
during wing development.
MATERIALS AND METHODS
Drosophila Stocks and Crosses
sd47M is an early larval lethal allele of sd that by genetic criteria
is null or close to null (Campbell et al., 1991). sd58 is a hypomor-
hic, adult-viable allele (Campbell et al., 1991; Simpson et al.,
981). Mutant clones of these sd alleles were generated by Flipase-
mediated mitotic recombination (Golic and Lindquist, 1989; Xu
and Rubin, 1993) in sd FRT18A/2[p-Myc] FRT18A; Sb FLP/1
animals. Animals were heat shocked at 38°C for 1 h to induce
clones and dissected and fixed 2 to 4 days later. vg83b27R is a vg null
llele (Williams et al., 1991). Ectopic vg expression was generated
sing UAS-vg49 or UAS-vg73 (Kim et al., 1996). Ectopic sd
expression was generated using UAS-sdV1 (chromosome 3) or
UAS-sdV3 (chromosome 2) (Simmonds et al., 1998). UAS-sdV1
expression is significantly weaker than that of UAS-sdV3. These
UAS lines were then crossed either to various Gal4 lines, as
described in the text, or to an actin . y1 . Gal4 (AyGal4)
UAS-GFP chromosome (Y. Hiromi) for the production of Flip-out
Gal4 clones (Ito et al., 1997; Papayannopoulos et al., 1998; Struhl et
al., 1993). Flip-out clones were induced in animals also carrying
hs-FLP122 (Struhl et al., 1993) by heat shock at 32°C for 30 min.
wg-lacZRO216 (Struhl and Basler, 1993) and sd-lacZETX4 (Campbell et
l., 1992) enhancer traps, and vg-lacZhope17 reporter construct (Kim
et al., 1996), were also used to detect expression of their respective
genes. Levels of expression were varied by raising animals at 18, 25,
or 29°C to take advantage of the intrinsic temperature sensitivity
of UAS-Gal4-driven expression in Drosophila (Speicher et al.,
1994).
Antibodies and in Situ Staining
Third-instar larvae were dissected in chilled Drosophila Ringers
olution by tearing in half and inverting the heads. Inverted heads
ere then transferred immediately to chilled fixative (0.1 M Pipes,
H 7.2, 4% paraformaldehyde). Larval heads with discs attached
ere fixed for 20 min at room temperature. Primary antibodies
sed for staining were rabbit anti-b-gal (Cappel/ICN) at 1:3000,
mouse anti-b-gal (Sigma; G4644) at 1:1000, goat anti-b-gal (Biogen-
sis) at 1:1000, rabbit anti-Myc (Santa Cruz) at 1:200, mouse
nti-WG 4D4 (DSHB) at 1:100, mouse anti-CUT (DSHB) at 1:3,
ouse anti-Engrailed 4D9 (DSHB) at 1:500, rabbit anti-Vestigial
Carroll) at 1:600, mouse anti-DLL (Duncan et al., 1998) at 1:400,
ouse anti-NUB (Averof and Cohen, 1997) at 1:5, and rabbit
nti-HTH (Pai et al., 1998) at 1:1000. Most secondary antibodies,
roduced in donkey and conjugated directly to FITC, Cy3, or Cy5,
ere from Jackson ImmunoResearch. In some cases we used
econdary antibodies produced in goat and directly conjugated to
lexa 488 or Alexa 568, from Molecular Probes. After staining,
ndividual discs were dissected and mounted in Vectashield (Vec-
or) and analyzed on a Molecular Dynamics confocal microscope.TUNEL staining was conducted using the Apop-Tag kit (Oncor)
s of reproduction in any form reserved.
C
1
i
w
t
t
t
a
4
w
p
p
t
a
h
n
h
T
m
p
t
i
b
p
c
o
s
f
a
d
e
w
2
i
e
a
c
1
o
w
N
F
c
c
m
b
291Multiple Roles of sd and vgwith digoxigenin (DIG)-labeled dUTP and FITC-labeled anti-DIG
antibodies. reaper and sd mRNA expression were detected by in
situ hybridization using DIG-labeled RNA probes transcribed from
the plasmids pBS(KS)sd (K.I., unpublished) and p13B2(SK1) (K.
White), using the kit from Boehringer.
Measurement and Analysis of Flip-out VG Clones
The measurements of Flip-out VG clones (Fig. 7) were inspired
by studies conducted by Lawrence et al. (1999). Confocal micro-
graphs of discs stained as depicted in Fig. 4 were opened as tiff files
in NIH Image 1.62. Individual clones were traced and their perim-
eters (P), areas ( A), and centroids calculated. We then also mea-
sured the shortest distance from the centroid of each clone to the
center of the D-V stripe of WG expression (D), and the diameter of
the inner ring of WG hinge expression along the A-P compartment
boundary (i.e., at its greatest width) (2 R). To normalize for varia-
tions in the sizes of different discs, the location of each clone is
plotted as relative distance from the D-V border, calculated as D/R.
lone sizes were normalized by calculating the mean area (M) of all
06 wild-type clones measured and then dividing the area of each
ndividual clone by this mean value ( A/M). A logarithmic scale
as chosen to plot relative clone size because this results in clones
hat are proportionately larger or smaller being equidistant from
he mean (e.g., clones that are twice as large as average are graphed
he same distance from the mean as clones that are half as large as
verage). The shape of each clone was quantified using the formula
pA/P 2 (Lawrence et al., 1999), which we refer to as the circularity.
This formula yields a value of 1.0 for a circle, more irregular shapes
yield smaller values. The average circularity of all 106 wild-type
clones measured was 0.353, and for purposes of illustration the
circularity of each clone is plotted relative to this average value.
RESULTS
sd Is Required Cell Autonomously for Cell
Proliferation in the Wing Blade
According to the hypothesis that all functions of vg in
ing development are effected by SD:VG, the mutant
henotype of sd should be as strong as that of vg. The wing
henotypes of the strongest viable alleles of sd are weaker
han those of vg null alleles (Figs. 1C and 1D) (Campbell et
l., 1991; Simpson et al., 1981; Williams et al., 1991, 1993);
owever, these viable sd alleles do not completely elimi-
ate sd function. Strong alleles of sd that by genetic criteria
are null or close to null have been isolated, and these
animals die during early larval development (Campbell et
al., 1991). To ascertain whether the difference between
previously described sd and vg mutant wing phenotypes
simply reflects the hypomorphic nature of viable sd alleles,
we assessed requirements for sd by analyzing clones of cells
that are homozygous mutant for a strong allele of sd, sd47M
(Campbell et al., 1991). Additionally, since strong muta-
tions of sd are lethal while vg mutations are not, sd clearly
as important genetic functions that are not shared by vg.
herefore, we also examined sd47M mutant clones through-
out the wing imaginal disc in order to determine whether sd
is required for growth outside of the wing. Clones of cells
mutant for sd were generated by mitotic recombination and
Copyright © 2000 by Academic Press. All rightarked by loss of expression of a Myc-epitope-containing
rotein (Xu and Rubin, 1993). Mitotic recombination simul-
aneously generates wild-type twin clones, which can be
dentified by their elevated Myc staining.
sd47M mutant clones grow normally in the notal and hinge
regions of the wing imaginal disc, but not within the wing
blade (Fig. 2A). Although 2 days after clone induction, very
small sd47M clones can sometimes be found in the wing
lade (Figs. 3A and 3C–3E), this presumably reflects a slight
erdurance of SD, as 4 days after clone induction no mutant
ells survive (Fig. 2A and data not shown). Studies of clones
f cells in the adult wing mutant for a hypomorphic allele of
d, sd58, led to the inference that requirements for sd
unction in the wing are graded (Simpson et al., 1981). In
greement with this, we found that in developing imaginal
iscs sd58 mutant clones could sometimes be recovered
ven 4 days after clone induction in proximal regions of the
ing blade primordia, but not in distal regions (Figs. 2B and
C).
In order to map the spatial requirements for sd function
n the wing imaginal disc more precisely, we used WG
xpression as a marker. In addition to the line of expression
long the D-V border, WG is also expressed in two rings of
ells that surround the wing blade primordia (Figs. 1F and
G) (Cohen, 1993; Phillips and Whittle, 1993). In late pupal
r adult wings, these rings of expression roughly outline the
ing hinge (Fig. 1B) (Casares and Mann, 2000; Cohen, 1993;
eumann and Cohen, 1996a; Phillips and Whittle, 1993).
our days after clone induction, we were able to recover
lones of sd47M mutant cells that overlapped the inner ring
of WG hinge expression, as well as in all more proximal
regions of the disc. Moreover, these sd mutant clones
appear to be the same size as their wild-type twins (Fig. 2A).
However, these sd47M mutant clones never extended more
than one or two cells distal to the inner ring of WG
expression. Thus, sd is required autonomously for cell
proliferation and viability within the wing blade, as defined
by the inner ring of WG expression, but is not required for
cell proliferation or viability in the wing hinge or notum.
sd Is Required for the Maintenance, but Not the
Initiation, of D-V Border Cell Fate
In addition to being regulated downstream of WG, vg is
also required for the normal maintenance of WG expression
along the D-V border (Klein and Martinez Arias, 1998;
Neumann and Cohen, 1996b). In order to examine the
requirements for sd function in maintaining a D-V border
ell fate, we examined the influence of clones of cells
utant for sd on WG and Cut expression along the D-V
order in developing wing imaginal discs.
When analyzed at late third-instar stages, sd58 mutant
clones show a clear and consistent loss of WG and Cut
expression, which appears to be cell autonomous (Fig. 3B
and data not shown). Although it is difficult to recover sd47M
mutant clones at the D-V border due to its requirements for
cell viability, the examples that we did identify also fail to
s of reproduction in any form reserved.
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292 Liu, Grammont, and Irvineexpress WG or Cut (Figs. 3A and 3C). To control for the
possibility that the loss of WG or Cut expression was
simply due to the unhealthiness of these cells, we also
examined the influence of sd mutant clones on Engrailed
expression, and in most cases its expression appeared unaf-
fected by loss of sd (Fig. 3D). These observations indicate
that sd is required for normal D-V border cell fate. SD has
been reported to bind directly to cut regulatory sequences
FIG. 3. sd is required for maintenance, but not initiation, of D-V W
wing imaginal discs, identified as in Fig. 2. In A, B, and E, red stain
A and D show mid–late third-instar discs, B and C show late third-
dissected and fixed 2 days after clone induction. (A, C–E) sd47M mu(Morcillo et al., 1996), and cut is required for the mainte-
Copyright © 2000 by Academic Press. All rightnance of WG expression (de Celis and Bray, 1997; Micchelli
et al., 1997). However, Cut is not expressed along the D-V
wing border until late third instar, and we identified sd
mutant clones that were associated with loss of WG expres-
sion prior to this stage (Fig. 3A).
When analyzed even earlier in wing development, how-
ever, at early to mid third-instar stages, we found that
48-h-old sd mutant clones continue to express WG nor-
d Cut expression. All images show sd mutant clones in third-instar
s WG; in C red staining is Cut; in D red staining is Engrailed (EN).
r discs, and E shows an early–mid third-instar disc. All discs were
clones. (B) sd58 mutant clones.G an
ing i
instamally (Fig. 3E). The persistence of WG expression in these
s of reproduction in any form reserved.
d293Multiple Roles of sd and vgFIG. 4. Influence of Flip-out VG clones on WG expression, clone shape, and clone size in the wing disc. Late third-instar wing imaginal
iscs, with clones marked by expression of GFP from a UAS-GFP transgene (green) and WG expression stained red. (A, C, and E) Examples
of control clones expressing only GFP. (B, D, and F) Examples of clones coexpressing VG and GFP. In A and B clones were allowed to
proliferate for 7 days at 18°C, in C and D clones were allowed to proliferate 52 h at 29°C, and in E and F clones were allowed to proliferate
48 h at 29°C. Inset in B shows WG expression alone for the highlighted clone; endogenous WG expression is repressed. In D and F arrows
point to examples of clones associated with ectopic induction of WG expression; note that in the ventral example highlighted in D two
clones are enclosed within a single ring of WG.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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294 Liu, Grammont, and Irvineclones is unlikely to reflect SD perdurance, because at later
stages WG expression is lost by 48 h after clone induction
(Figs. 3A and 3B). Instead, we infer that sd is required only
for the maintenance, and not for the initiation, of WG
expression along the D-V boundary.
Influence of SD or VG Overexpression on Wing
Growth
Overexpression of VG in a variety of different imaginal
tissues induces a transformation to a wing-like cell fate and
overproliferation (Kim et al., 1996). Ectopically expressed
VG requires sd function and is also associated with upregu-
lation of sd expression (Halder et al., 1998; Kim et al., 1996;
Paumard-Rigal et al., 1998; Simmonds et al., 1998). Prior
studies have not detected any significant overproliferation
of endogenous wing tissue in association with VG overex-
pression, and in some cases VG overexpression has been
reported to actually inhibit normal wing growth (Go et al.,
1998; Kim et al., 1996; Klein and Martinez Arias, 1998).
However, prior studies of VG overexpression have all relied
on Gal4 drivers that are broadly expressed. In order to
separate autonomous from nonautonomous effects of VG
overexpression, and to map the effects of VG overexpres-
sion in different regions of the wing disc, we analyzed the
consequences of VG overexpression in clones of cells pro-
duced by the Flip-out Gal4 technique (Ito et al., 1997;
Papayannopoulos et al., 1998; Struhl et al., 1993). The
amount of detectable VG expression in these Flip-out
clones exceeds endogenous VG levels, even at the D-V
boundary (not shown).
Our studies revealed that the size of VG-expressing
clones varies depending upon their location within the
wing imaginal disc (Figs. 4, 5, and 7). Clones that are in the
hinge region tend to be somewhat larger than control
clones. In contrast, clones that are near the D-V boundary of
the wing pouch are often much smaller than control clones.
The differences in size between VG-expressing clones and
control clones were quantified by measuring the areas of
117 Vg-expressing clones and 106 control clones and plot-
ting these against the relative distances of the clones from
the D-V wing border (Figs. 7A and 7B). The average size of
control clones is independent of location (Fig. 7A), consis-
tent with prior studies (Gonzalez-Gaitan et al., 1994). In
contrast, the average size of VG-expressing clones increases
with distance from the D-V border (Fig. 7B). Notably, the
variation in size of VG-expressing clones correlates with
the variation in levels of endogenous VG expression (Fig.
1G), which suggests that the effects of ectopically expressed
VG on clone growth may be related to these endogenous
levels.
Overexpression of SD in the wing under UAS-Gal4 con-
trol can induce wing tissue loss and programmed cell death
(Simmonds et al., 1998) (Fig. 6A). This induction of cell
death is associated with induction of the cell death-
promoting gene reaper (White et al., 1996) (Fig 6B). One
consequence of this effect of SD overexpression is that it is d
Copyright © 2000 by Academic Press. All rightgenerally not possible to recover Flip-out clones of cells
overexpressing SD, although if the levels of ectopic SD
expression are kept low then small clones of one or two
cells can sometimes be identified (not shown). One impor-
tant mechanism by which SD overexpression induces cell
death is presumably by inhibiting the normal function of
SD:VG heterodimers through some type of competition
mechanism (Halder et al., 1998; Simmonds et al., 1998;
Vaudin et al., 1999). However, SD-expressing clones also
fail to grow in the hinge and notal regions of the disc, and
ectopic expression of SD under UAS-GAL4 control also
induces apoptotic cell death in the notum (Figs. 6A and 6B).
As we have found that sd is not normally required in these
egions of the wing (Fig. 2), ectopic SD expression must also
e able to influence cell viability via some mechanism that
oes not involve competition with endogenous SD-
ontaining complexes.
Nonautonomous Regulation of WG Expression in
the Hinge by SD:VG
It has been argued based on ectopic expression experi-
ments that the combined influence of VG and WG expres-
sion promotes formation of wing blade, while the influence
of WG alone promotes formation of wing hinge (Klein and
Martinez Arias, 1998). It has also been reported that a wg
egulatory mutation that eliminates the distal ring of WG
xpression in the hinge results in loss of hinge tissue in the
dult wing, while overexpression of WG can result in
verproliferation of hinge tissue (Neumann and Cohen,
996a). The mechanisms that regulate WG expression along
he D-V boundary (and consequently help to promote VG
xpression throughout the wing blade) have been the sub-
ect of intensive investigation. However, relatively little
as been known about how WG expression is regulated in
he wing hinge. The results we present here suggest an
nductive regulatory relationship between SD:VG-
xpressing cells in the wing blade and WG-expressing cells
n the wing hinge.
Except at the D-V boundary, neither sd nor vg is detect-
bly expressed in the wing hinge (Klein and Martinez Arias,
998; Zecca et al., 1996) (Figs. 1E–1G). In addition, sd
utant clones proliferate normally in the wing hinge, and
hey do not influence WG expression there (Figs. 2A and
B). These observations indicate that SD:VG is not required
utonomously for wing hinge development. Indeed, ectopic
xpression of VG or SD actually represses the endogenous
xpression of WG in the hinge (Go et al., 1998; Klein and
artinez Arias, 1998) (Figs. 4B and 6C).
Importantly, however, analysis of clones of cells ectopi-
ally expressing VG in the hinge region also reveals, in
any cases, a nonautonomous induction of WG expression
n surrounding wing hinge cells (Figs. 4B, 4D, and 4F). Hinge
ells are uniquely competent to respond to VG expression
n this way, as WG was not induced surrounding VG-
xpressing clones in the wing blade or notum (Fig. 4 and
ata not shown). To quantify the penetrance of this induc-
s of reproduction in any form reserved.
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295Multiple Roles of sd and vgtion, we scored 108 VG-expressing clones in the hinge from
three independent experiments in which Flip-out clones
were induced using AyGal4 and then maintained at 29°C.
ixty-eight percent of these clones (73/108) were associated
ith detectable induction of WG expression. The only
ignificant spatial pattern that emerged from this analysis is
hat Flip-out VG clones near the D-V boundary were only
arely (1/11) associated with induction of WG. Notably, this
orresponds to a region of the disc with significant endog-
nous expression of VG. The failure to detect induction of
G expression in the hinge by VG in previous studies (Go
t al., 1998; Klein and Martinez Arias, 1998) presumably
erives from differences in the methods used to drive
ctopic expression. The combined induction and inhibition
f WG by VG can result in a ring of WG expression
urrounding clones of VG-expressing cells (Figs. 4B, 4D, and
F), which is reminiscent of the normal relationship be-
ween VG-expressing wing blade cells and the surrounding
ing of WG-expressing cells in the hinge (Fig. 1G).
To further explore the influence of VG expression on
inge patterning, we analyzed the influence of Flip-out VG
lones on the expression of three genes expressed in differ-
nt regions along the proximal–distal axis. DLL is normally
xpressed by wing blade cells, similar to VG, and VG-
xpressing clones in the hinge autonomously induce DLL
xpression (Fig. 5A, see also Klein and Martinez Arias,
999). Nubbin (NUB) is normally expressed in both the
ing blade and the distal wing hinge (Ng et al., 1995, 1999).
G-expressing clones in the hinge can result in a local
xpansion in the domain of NUB-expressing cells, which
ppears to result at least in part from increased growth (Fig.
B). HTH is normally expressed by all hinge cells and not by
ing-blade cells (Azpiazu and Morata, 2000; Casares and
ann, 2000; Pai et al., 1998). Flip-out VG clones autono-
ously repress HTH expression in the hinge (Fig. 5C)
Azpiazu and Morata, 2000). Since HTH is required for WG
xpression in the hinge, this repression of HTH may ac-
ount for the autonomous loss of WG expression (Fig. 4B)
Azpiazu and Morata, 2000; Casares and Mann, 2000).
G-expressing clones are also often surrounded by a fold in
he disc epithelium (Figs. 5B and 5C), reminiscent of the
old that separates the wing pouch from the wing hinge.
ltogether, our studies imply that VG-expressing clones in
he hinge not only transform cells toward wing blade, but
lso reorganize the patterning of surrounding cells in the
inge.
Hinge cells also display a unique responsiveness to ec-
opic SD expression. When SD is expressed along the A-P
oundary under ptc-Gal4 or dpp-Gal4 control, cell death
nd tissue loss are induced in the notum and wing (Fig. 6A
nd data not shown). However, in the wing hinge this
ctopic expression of SD can induce overproliferation (Vara-
arajan and VijayRaghavan, 1999) (X.L. and K.D.I., unpub-
ished observations). SD overexpression in the hinge is also
ssociated with induction of WG and VG expression (Vara-
arajan and VijayRaghavan, 1999) (Fig. 6C and data not
hown). While Varadarajan et al. (1999) interpreted the i
Copyright © 2000 by Academic Press. All rightnduction of WG by SD as reflective of a role in regulating
G expression along the D-V border, we suggest instead
hat it reflects the production of a signal from SD:VG-
xpressing cells that promotes WG expression in surround-
ng hinge cells. Consistent with this interpretation, our
tudies reveal that the induction of WG by SD in the hinge
s actually nonautonomous (Fig. 6C).
To gain further insight into the normal role of SD:VG in
egulating WG expression in the hinge, we examined WG
xpression in wing discs mutant for a null allele of vg,
g83b27R. Although WG expression in the distal hinge has
been described as absent (Klein and Martinez Arias, 1998),
or often absent (Neumann and Cohen, 1996b) in vg mu-
tants, F. Casares and R. Mann (personal communication)
have observed that a spot of distal WG hinge expression
persists in vg null mutants. We find that vg null mutant
discs exhibit a range of WG expression phenotypes. The
most extreme cases appear to show a wing-to-notum trans-
formation (not shown, see Klein and Martinez Arias, 1998),
but in some cases a spot of WG expression is observed that,
based on its location inside an outer ring of WG expression
and its overlap with HTH expression, probably corresponds
to a portion of the distal ring of WG hinge expression (Fig.
5D).
VG-Expressing Clones Exhibit Altered Cell
Affinities
Clones of cells in imaginal tissues generally adopt very
irregular shapes (e.g., Figs. 4A, 4C, and 4E). Strikingly,
however, clones of cells that are ectopically expressing VG
are more rounded and have smoother borders than control
clones (Figs. 4B, 4D, and 4F). Similar differences in clone
behavior have been observed upon misexpression or muta-
tion of a number of different genes in Drosophila and have
een attributed to differences in the affinity of cells for their
eighbors (e.g. see Lawrence, 1997; Lawrence et al., 1999;
ipoll et al., 1988; Wu and Cohen, 1999). This effect of VG
s evident in the notum, hinge, and proximal regions of the
ing, as well as in other imaginal discs (not shown). Within
he wing region of the disc, the influence of VG overexpres-
ion on clone shape is graded: clones that are near the D-V
ing border generally continue to have irregular shapes,
hile clones that are far from the D-V border are more
ircular (Figs. 4B, 4D, and 4F). This effect was quantified by
alculating the circularity of 117 VG-expressing clones and
06 control clones and then plotting the circularity of each
lone against its relative distance from the D-V wing border
Figs. 7C and 7D). Circularity values were calculated using
he formula 4p 3 [clone area]/[clone perimeter]2 (Lawrence
t al., 1999). The average circularity of control clones is
ndependent of their location (Fig. 7C). In contrast, the
verage circularity of VG-expressing clones increases with
istance from the D-V border (Fig. 7D).
Calculation of the ratio between the clone area and the
quare of its perimeter is intended to control for variations
n clone size, while inclusion of the constant 4p normalizes
s of reproduction in any form reserved.
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297Multiple Roles of sd and vgthe circularity of a perfectly circular clone to 1.0. However,
as the clones become very small, the size and shape of
individual cells place a physical limit on how irregular
clones can be. Conversely, the circularity formula assumes
that clone growth is random, but in fact there is some
tendency for clones in the wing disc to grow in elongated
FIG. 6. Influence of ectopic SD expression in the wing disc. All
images show third-instar wing imaginal discs in which SD has been
expressed along the anterior–posterior compartment boundary us-
ing UAS-sdV1 and ptc-Gal4 transgenes. (A) TUNEL staining (Gav-
rieli et al., 1992) reveals extensive induction of apoptosis induced
by SD expression. (B) In situ hybridization to mRNA reveals that
expression of the cell death gene reaper is induced by SD expres-
sion. In A and B arrows point to staining in the wing blade,
asterisks mark staining in the notum. (C) Expression of WG (red,
arrow) is induced in the hinge in neighboring cells by ectopic
expression of SD and inhibited inside the ptc expression stripe
(arrowheads). SD-expressing cells are identified by the coexpression
of b-galactosidase from a UAS-lacZ transgene.
FIG. 5. Influence of Flip-out VG clones on expression of DLL, NU
Late third-instar wing imaginal discs, with clones marked by coex
xpression of DLL (A, red), NUB (B, purple), or HTH (C, blue). Clon
f clones that influence the expression of the respective genes. (D)
blue). A spot of WG that is encircled by an outer WG expression rin
orresponds to a portion of the normal inner WG expression ring rathe
Copyright © 2000 by Academic Press. All righthapes. The combined effect of these factors biases small
lones toward increased circularity and large clones toward
ecreased circularity (Fig. 7E). Importantly then, because
G-expressing clones near the D-V border tend to be small
Figs. 4 and 7B), the graded effect of VG on cell affinity is
ikely understated by circularity measurements (Figs. 7D
nd 7F).
The observation that the same, constitutive level of VG
xpression induces graded changes in clone shape that
epend upon clone location suggests that there are nor-
ally graded differences in SD:VG-dependent cell affinities.
t has not been possible to undertake a quantitative analysis
f the circularity of clones with reduced SD:VG function,
ue to its requirements for clone growth and survival.
owever, three aspects of the behavior of sd58 mutant
lones in the wing blade are consistent with the hypothesis
hat reduction in normal SD:VG function also influences
ell affinity. First, in the few instances in which we have
een able to recover relatively large sd58 clones, they tend to
be more rounded than their wild-type twins (Fig. 2C).
Second, we found that over a quarter of the sd58 clones that
we recovered in the wing pouch (10/37) were associated
with multiple wild-type “twin” clones (e.g., Fig. 2C). Al-
though in some cases this may occur fortuitously, we also
suggest that affinity differences with surrounding wild-type
cells could force independent mutant clones into a coherent
patch. Third, sd58 clones tend to be located farther from the
-V boundary than their wild-type twins (19/37 clones
ere at a similar distance, 16/37 clones were farther, and
/37 clones were closer). Differential location between
utant and wild-type twins has been observed previously
n the wing for sgg mutant clones (Ripoll et al., 1988) and in
he abdomen for patched and smoothened mutant clones
Lawrence et al., 1999), and in both cases it has been
ypothesized to derive from differences in cell affinity.
DISCUSSION
sd and vg Act as the Key Transducers of
Compartment Boundary Signaling in the Wing
Growth of the Drosophila wing is regulated by signaling
molecules that are produced along the A-P and D-V compart-
ment boundaries, most notably DPP, WG, and the Notch
ligands SER and DL (Brook et al., 1996; Irvine and Vogt, 1997;
Lawrence and Struhl, 1996). The vg gene is regulated by these
compartment boundary signals and is also required cell au-
d HTH and of vg mutation on expression of WG and HTH. (A–C)
ion of GFP from a UAS-GFP transgene (green, left) and stained for
ere allowed to proliferate 52 h at 29°C. Arrows point to examples
27R mutant wing disc, stained for expression of WG (red) and HTH
ndicated (arrow). Since this spot overlaps HTH expression it likelyB, an
press
es w
vg83b
g is i
r than D-V border WG.
s of reproduction in any form reserved.
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298 Liu, Grammont, and Irvinetonomously for wing cell viability and proliferation (Kim et
l., 1996, 1997; Neumann and Cohen, 1997; Zecca et al.,
996). Regulation of sd has not been as intensively studied,
ut it is expressed in a pattern similar to vg, and existing
nhancer trap insertions suggest that it may also be regulated
y discrete boundary and quadrant enhancers (Campbell et al.,
992; Deshpande et al., 1997). We have shown here that sd is
lso required cell autonomously by all wing-blade cells for
heir viability and proliferation. Although there are many
enes known to be required for wing development in Drosoph-
la, sd and vg are the only two that are both regulated
downstream of compartment boundary signaling and required
cell autonomously by all wing-blade cells for their prolifera-
tion. This implies that these two genes are the key transducers
of compartment boundary signals that effect wing growth.
Notably, recent studies have indicated that the products
of these genes actually function together as a heterodimeric
FIG. 7. Measurements of relative clone size (A, B) and clone shape
versus size (E, F). 106 wild-type (GFP-expressing) control clones (A
proliferate for 52 h at 29°C were analyzed as described under Matetranscription factor complex, SD:VG (Halder et al., 1998;
Copyright © 2000 by Academic Press. All rightaumard-Rigal et al., 1998; Simmonds et al., 1998). In
ddition to the fundamental role of this complex in promot-
ng wing cell proliferation, it also regulates wing patterning
nd identity, in some cases by acting combinatorially with
ranscriptional regulators that are active more broadly
Halder et al., 1998; Kim et al., 1996; Klein and Martinez
rias, 1998, 1999). The genetic requirement for sd in
aintaining normal expression of WG and Cut along the
-V wing boundary that we identify here is consistent with
he proposal that all functions of vg during wing develop-
ent are effected by SD:VG and that all wing-specific
xpression patterns will be dependent upon the action of
his complex.
Signaling from the Wing Blade to the Wing Hinge
While previous studies have emphasized the autonomous
D) versus relative distance from the D-V border and of clone shape
) and 117 VG-expressing (B, D, F) clones that had been allowed to
and Methods.(C,
, C, Erequirement for vg in wing development, our results make
s of reproduction in any form reserved.
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299Multiple Roles of sd and vgclear that this autonomous requirement is restricted to the
wing blade and that SD:VG has an additional, nonautono-
mous role in promoting the development of the wing hinge.
Null alleles of vg delete the wing blade and most, or
sometimes all, of the wing hinge (Williams et al., 1991,
1993). Even when vg mutant animals retain some hinge
tissue, a significant amount of tissue is deleted proximal to
the inner WG expression ring (Fig. 1D vs 1B). However, by
making clones of cells mutant for sd47M, we found that
SD:VG is autonomously required only distal to the inner
WG expression ring (Fig. 2A). Similarly, clones of cells that
are mutant for a null allele of vg grow normally in the
notum, but fail to grow in the wing (Kim et al., 1996).
Although the precise border of where vg is autonomously
required was not identified in Kim et al. (1996), it maps to
the edge of detectable VG expression (S. Carroll, personal
communication). This places it distal to the inner WG
expression ring (Fig. 1G), in agreement with our analysis of
sd. Altogether, these results suggest that SD:VG is required
nonautonomously for normal development of the wing
hinge. Indeed, clones of cells ectopically expressing VG
frequently reorganize the patterning of surrounding tissue
in the wing hinge (Figs. 4 and 5). This reorganization is
visible through changes in the expression of WG and NUB,
as well as changes in the folding of the disc epithelia. Our
studies, along with recent reports on the function and
regulation of hth in the hinge (Azpiazu and Morata, 2000;
Casares and Mann, 2000), lead to a model for the regulatory
interactions between wing hinge and wing blade (Fig. 8).
The observation that SD:VG is both required nonautono-
mously for normal hinge development and sufficient to
reorganize the normal patterning of surrounding hinge
tissue leads us to hypothesize that SD:VG-expressing wing
blade cells produce a signal (X) that influences gene expres-
sion in surrounding wing-hinge cells. Ultimately, one key
target of this signal is the inner ring of WG hinge expression
(Fig. 8). WG is essential for wing hinge development (Neu-
mann and Cohen, 1996a), WG expression is induced non-
autonomously by SD:VG (Figs. 4 and 6), and normal WG
hinge expression is reduced or absent in vg mutants (Fig.
5D) (Klein and Martinez Arias, 1998; Neumann and Cohen,
1996b). The detection of a spot of WG expression in some vg
mutant discs that appears to correspond to a portion of the
inner hinge ring (Fig. 5D) (F. Casares and R. Mann, personal
communication) implies that the hypothesized signal X
may not be absolutely required for WG expression. Instead,
it may function to maintain and promote WG hinge expres-
sion as the wing pouch grows. Alternatively, it may be, as
suggested by the failure of VG-expressing clones to effec-
tively induce WG hinge expression near the D-V boundary,
that WG hinge expression near the D-V boundary is regu-
lated by a VG-independent mechanism, which continues to
promote a spot of WG expression even in vg mutants.
Although we do not yet know the identity of the signal X,
nor how direct its regulatory influence on WG may be, we
can infer that its action ultimately impinges on enhancers
within a 1.2-kb fragment of the wg gene identified by
Copyright © 2000 by Academic Press. All rightNeumann and Cohen (1996a) as being responsible for the
distal ring of WG hinge expression. Recent studies of
Drosophila leg development have implied the existence of
signaling from proximal cells to distal cells (Goto and
Hayashi, 1999). Thus, in both legs and wings, normal
appendage development appears to rely not just on the
direct interpretation of primary signals produced along
compartment boundaries, but also on secondary signaling
between cells in different domains along the proximal–
distal axis.
While our studies imply that a SD:VG-dependent signal is
essential for normal hinge development, hinge cells are
uniquely competent to express WG in response to this
signal. This implies that a distinct hinge fate precedes
FIG. 8. Model for interactions between wing blade and wing
hinge. Schematic showing some of the known and proposed regu-
latory interactions among genes important for wing blade and wing
hinge development, superimposed on a gradient of SD:VG expres-
sion. SD:VG functions together with the Notch pathway (N*) to
maintain expression of WG at the D-V boundary (Fig. 3) (Irvine and
Vogt, 1997). WG expression spreads from the D-V boundary and
promotes SD:VG expression in the rest of the wing blade (Neu-
mann and Cohen, 1997; Zecca et al., 1996). EXD:HTH prevents
SD:VG expression in the hinge by blocking WG expression along
the D-V boundary (Azpiazu and Morata, 2000; Casares and Mann,
2000). SD:VG blocks HTH expression within the wing blade (Fig. 5)
(Azpiazu and Morata, 2000), but is hypothesized to help promote
HTH expression in the wing hinge by regulating the production of
a signal, X, that promotes WG expression in neighboring HTH-
xpressing cells (Fig. 4). Since some proximal hinge WG expression
ppears to persist in vg mutants, and VG cannot effectively induce
G near the D-V boundary, we also hypothesize the existence of
ther inputs into WG hinge expression (?). Teashirt (TSH) also
akes important contributions to hinge development (Azpiazu and
orata, 2000; Casares and Mann, 2000).receipt of the signal. In addition a small amount of wing-
s of reproduction in any form reserved.
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300 Liu, Grammont, and Irvinehinge tissue, and in some cases WG expression, remains in
vg null mutants. Signaling from the wing blade does not
therefore act as an inducer of wing-hinge fate per se, but
rather acts to elaborate the patterning and growth of the
hinge. hth plays a key role in hinge development, and recent
tudies have demonstrated that hth is essential for WG
xpression in the hinge (Azpiazu and Morata, 2000; Casares
nd Mann, 2000). Thus HTH, together with its partner
rotein Extradenticle (EXD), may be at least partially re-
ponsible for the distinct responsiveness of hinge cells to
D:VG-dependent signaling (Fig. 8). HTH expression is
tself positively regulated by WG (Azpiazu and Morata,
000; Casares and Mann, 2000), and thus the distinct fates
f both the wing blade and the wing hinge are maintained in
art by positive regulatory loops with WG (Fig. 8). Separate
lade and hinge territories are also maintained in part by
epressive interactions between SD:VG and EXD:HTH
Figs. 5 and 8) (Azpiazu and Morata, 2000; Casares and
ann, 2000). However, while the repression of HTH by
D:VG is autonomous, and thus may be direct, HTH does
ot repress SD:VG directly, but instead represses WG
xpression along the D-V border, which then indirectly
imits SD:VG expression.
A Role for Differential Adhesion in Segregating
Wing Blade from Wing Hinge
Studies of Drosophila leg development have revealed that
roximal and distal cells will sort out when confronted
Abu-Shaar and Mann, 1998; Campbell and Tomlinson,
998; Goto and Hayashi, 1999; Wu and Cohen, 1999). Our
esults, together with other recent observations (Azpiazu
nd Morata, 2000), indicate that proximal (hinge) and distal
blade) cells also have different affinities in the wing. While
roximal cell affinity appears to be regulated downstream of
TH in both legs and wings, distal cell affinities are
egulated downstream of DLL in the leg, but downstream of
D:VG in the wing. Although DLL is also expressed in the
ing blade, Dll mutant clones have been reported not to
nfluence cell affinities in the wing (Campbell and Tomlin-
on, 1998), and we did not detect any increase in DLL
xpression in Flip-out VG clones within the wing pouch,
ven when their affinity appeared to be altered (not shown).
The differential adhesion of distal and proximal cells is
resumably important to normal appendage morphogen-
sis, segregating distal cells away from proximal cells and
rganizing the appendage. Cell mixing experiments also
rovide independent support for the existence of distinct
dhesive properties between wing-blade and wing-hinge
ells (Fausto-Sterling and Hsieh, 1987). Intriguingly, the
roximal edge of sd and vg expression in the late third-
nstar wing disc corresponds to a fold in the disc epithe-
ium, which demarcates the region of the disc known as the
ing pouch, and ectopic folds often surround VG-
xpressing clones in the wing hinge (Fig. 5). A more proxi-
al fold in the wing disc, which exists between the notumnd the wing hinge, also appears to occur at a cell affinity
Copyright © 2000 by Academic Press. All rightoundary, in this case one regulated downstream of the
roquois-complex genes (Diez del Corral et al., 1999). While
t is tempting to speculate that these folds derive from the
uxtaposition of cells with distinct adhesive properties, it is
lso worth noting that no such fold occurs at the A-P
ompartment boundary, which is also thought to corre-
pond to a cell affinity boundary.
A Potential Role for SD:VG in Establishing a
Gradient of Cell Affinities across the Wing Blade
In addition to segregating wing blade from wing hinge,
it also seems likely that SD:VG establishes a gradient of
cell affinities across the wing blade. Transplantation
studies in Manduca first led to the inference that a
gradient of adhesiveness exists along the proximal– distal
axis of insect wings (Nardi and Kafatos, 1976a,b), and the
existence of a gradient of cell affinities across the wing
has also been inferred from the behavior of clones of cells
mutant for sgg (Ripoll et al., 1988). We find that even
ithin the wing pouch, VG-expressing clones are gener-
lly more rounded and have smoother borders with
eighboring cells than control clones do (Figs. 3, 5, and 7).
hese differences are indicative of changes in cell affinity
Lawrence et al., 1999; Ripoll et al., 1988; Wright and
awrence, 1981). Importantly, the influence of VG over-
xpression on cell affinity varies with the distance of a
lone from the D-V border. Since SD:VG expression is
ormally graded away from the D-V border, these obser-
ations are consistent with the notion that the gradient
f SD:VG expression is responsible for establishing the
ormal gradient of cell affinities across the wing. The
hape and location of sd58 mutant clones relative to those
f their wild-type twins are also consistent with the
onclusion that SD:VG influences cell affinity across the
ing blade.
Thus, our results lead to the implication that SD:VG
unctions as an intermediary between the WG morphogen
radient in the wing and a gradient of cell affinity. Indeed,
levated SD and VG expression is likely also responsible for
he altered affinity of sgg mutant clones, which are consti-
utively activated for WG signaling, as sgg mutant clones
re associated with upregulation of both sd and vg expres-
ion (Blair, 1994). We therefore hypothesize that among the
ownstream targets of SD:VG important for wing morpho-
enesis will be molecules that control cell adhesion. Impor-
antly, our results imply that SD:VG is not simply an
n–off switch that promotes wing-blade fate, but rather
hat different levels of expression of these proteins can
nstruct cells to have distinct cellular properties.
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